A foot database comprising 3D foot shapes and footwear fitting reports of more than 300 participants is presented. It was primarily acquired to study footwear fitting, though it can also be used to analyse anatomical features of the foot. In fact, we present a technique for automatic detection of several foot anatomical landmarks, together with some empirical results.
Introduction
Footwear fitting has a decisive influence on the functionality and comfort of shoes. The conventional technique to estimate footwear fitting is the direct try of shoes, which is perfectly possible in most cases. However, there are many cases in which it is not possible due to the amount of models to try, physical obstacles to the technique (e.g. in e-commerce), or physical or psychical problems related with the user (e.g. sensitivity difficulties). In all of these cases, automatic fitting prediction can help a lot.
In this work, we present a foot database developed in the Spanish research project MORFO3D. The MORFO3D foot database was acquired during the month of May 2004 at the Universitat Politècnica de València, València (Spain). It comprises 3D foot shapes and footwear fitting reports of more than 300 participants. The database was primarily acquired to study footwear fitting, though it can also be used to analyse anatomical features of the foot. In fact, we present a knowledge-based technique for automatic detection of several foot anatomical landmarks that gives good results. The MORFO3D foot database is available upon request for non-commercial use.
The acquisition of the MORFO3D foot database is described in section 2. Then, in section 3, we present our technique for automatic detection of several foot anatomical landmarks, together with some empirical results.
The MORFO3D Foot Database
The MORFO3D foot database was acquired during the month of May 2004 at the Universitat Politècnica de València, València (Spain). A total of 316 18-to 35-year-old women of European shoe size 38 (and 40) participated in its acquisition. It is considered that the feet of the women in this age interval is enough developed, but still not shows the typical advanced age pathologies. For each participant, we first acquired her right 3D foot shape together with the location of several foot key points (landmarks). Then, we asked her to try 4 models of shoes (out of 8 available) and fill in a questionnaire about each shoe fitting. Hereafter we provide a detailed description of these two basic acquisition steps.
For the acquisition of 3D foot shapes, we used an INFOOT laser scanner [1] . This scanner is able to acquire a complete 3D shape of the foot, including the foot sole. Also, it can be used to acquire the location of foot landmarks by simply marking them on the user barefoot with adhesive markers. In our case, the acquisition process is as illustrated in Figure 1 . The process begins with the placement of adhesive markers on 14 foot landmarks located on bony prominences or critical zones for shoe fitting (see top of Figure 1 for their precise locations). Then, the scanning process is carried out while the participant stands upright with equal weight on each foot, in a certain position and orientation (see middle of Figure 1 ). The result consists of: a) a cloud of points representing the outer surface of the foot; b) the location of the 14 foot landmarks previously marked; and c) a number of podometric measurements derived from these 14 landmarks (see bottom of Figure 1 ). The complete acquisition process lasted approximately 5 minutes on average. Table 1 shows some descriptive statistics of the 3D foot shapes acquired. The main differences among the feet measurements taken were observed in the height of the external malleolus and the foot length. The second basic acquisition step was designed to compile detailed information about the fitting of some shoes to the participant's feet. We purchased several pairs of 8 different shoe models that we thought representative of the models available in the market during the database acquisition (see top of Figure 2) . Given a pair of shoes (and socks), the participant was asked to try it The most medial point of medial malleolus, 12) Sphyrion Fibulare, 13) Sphyrion, and 14) Medial tentative heel upper point. Top-right: placement of adhesive markers at the locations of the 14 foot landmarks. Middle: scanner parts and participant's position and orientation during the scanning process. Bottom: output of the process; from left to right: 3D foot shape described as a cloud of points, locations of the 14 landmarks, and 6 podometric measurements derived from these landmarks (foot length, forefoot width, hell width, instep height, 1st toe height and height of the external malleolus) walking during 2 minutes and then fill in a questionnaire about the fitting in 15 different zones of the foot (see bottom of Figure 2 ). For each of these zones, the participant gave her perception of discomfort in a 4-level ordinal scale (0=none, 1=low, 2=medium, 3=high). Also, the participant answered questions about the global discomfort of the shoes and her general footwear preferences. This step lasted 5 minutes on average for the trial of each model. Unfortunately, the high time cost of the complete trial (40 minutes for 8 models) prevented trying all the available shoe models, so we decided to provide the participant with only 4 randomly selected models. Therefore, on average, each shoe model was tried by half of the 316 participants. Table 2 shows the mean and the standard deviation of the discomfort variable for each shoe model and foot zone.
The MORFO3D foot database is available upon request for non-commercial use. The complete database also stores data of 100 women right foot of European shoe size 40. The data in the MORFO3D database is being used to study the relation between footwear fitting and podometric measurements.
Automatic Detection of Landmarks
The classical method to detect foot anatomical landmarks described in section 2 requires an expert to manually place them. The landmark placement obtained from different experts, or from the same expert at different moments, can be different. In this work, we propose a technique to automatically perform this landmark placement. The technique proposed is based on heuristics and takes into account the fact that the scanner places automatically the reference axis shown in the top-right of the Figure 3 . It works initially with the complete 3D point clouds obtained from the scanner and can be described as follows. First, a set of initial landmarks is constructed from the complete cloud. It includes the landmarks shown as points 6, 16, 17 and 21 in the top-left and top-center of the Figure 3 . For instance, the landmark 17 is the point with a smaller x-coordinate from the complete 3D cloud and the landmark 21 is the point with y-coordinate 0, z-coordinate 0 and the greatest x-coordinate. The set of initial landmarks allows us to split the cloud along the x and z-axes into three sub-clouds: upper, rear-lower and forelower subclouds. Then, more specic points are searched in each sub-cloud. For instance, in rear-lower subcloud, the points 19 and 20 from Figure 3 are located as those points with, respectively, the smallest and the greatest y coordinate. Working in this way, the points 1, 2, 15 and 18 are detected in the fore-lower subcloud, and the points 10 − 13 in the upper subcloud. Note that most of the automatic landmarks are border points, that is, they are coordinate maximums or minimums in an axis of a sub-cloud. Only the landmarks 6, 12, 13 and 16 are not border points. The landmark 6 (instep point) is the intersection point of the cloud with the line that goes through the midpoint between landmarks 17 and 21, in the direction of the Z axis. The landmarks 12, 13 and 16 are heuristically detected from, respectively, the landmarks 10, 11 and 17.
The set of landmarks detected automatically does not match exactly with that obtained manually (see Figure 1 ) . Some landmarks that are located manually can be automatically detected, but not all of them. For instance, the landmark points 8 and 9 of the top-left and top-center of Figure 3 show the joint point of two bones. Therefore, they can only be placed by touching the foot, since they can not be seen as any protuberance.
We have compared the landmark set obtained manually with the landmark set obtained using our automatic technique. As both sets do not completely match, we have compared their intersection. That is, given one foot, each auto- Landmarks numbered from 1 to 14 are those detected by the classical method (see Figure 1 for more details). Top-right: reference axis with lines that split the point clouds in three subclouds. Bottom : the automatic method application. Black points are manually placed by the expert, and grey points are detected automatically. In the left image the automatic method works properly, but in the right one the method fails matic landmark from intersection points set has been compared with its respective manual landmark. We have use different approaches for it. On one hand, we have use three distance definitions: L 1 , L 2 (or Euclidean Distance) and mean squared error (M SE). The L 1 and L 2 distances from a manual landmark x to its corresponding automatic landmark y for a given foot are shown in the equations 1 and 2. The results shown in Table 3 Table 3 .
On the other hand, Table 4 shows the error rate for different thresholds of tolerance. It is computed as follows: for each threshold value, we say that an automatic landmark matches with its corresponding manual landmark when the L 2 distance between them is smaller than the given threshold value (success); otherwise, we say that they do not match (error).
The bottom of Figure 3 shows two examples of application of our automatic technique. In the examples, the automatic landmarks are compared with the classical landmarks. In the left image, our technique works properly but, in the right one, it did not place the anatomical points in the correct position.
Besides, the automatic landmark set of a foot can be used to compute a minimal but complete set of automatic podometry features, those shown in Table 1 . These features can be used to automatically characterize the foot. 
Conclusions
A foot database comprising 3D foot shapes and footwear fitting reports of more than 300 participants has been presented. It is called MORFO3D foot database. It can be used to study footwear fitting, and also to analyse anatomical features of the foot. In fact, we have presented a technique for automatic detection of foot anatomical landmarks that gives good results. The MORFO3D foot database is available upon request for non-commercial use.
